processes observed during the reaction of superoxide reductase from Desulfoarculus baarsii with superoxide: reevaluation of the reaction mechanism.Abstract Superoxide reductase SOR is an enzyme involved in superoxide detoxification in some microorganisms. Its active site consists of a non-heme ferrous center in an unusual [Fe(NHis) 4 (SCys) 1 ] square pyramidal pentacoordination that efficiently reduces superoxide into hydrogen peroxide. In previous works, the reaction mechanism of the SOR from Desulfoarculus baarsii enzyme, studied by pulse radiolysis, was shown to involve the formation of two reaction intermediates T1 and T2. However, the absorption spectrum of T2 was reported with an unusual sharp band at 625 nm, very different from that reported for other SORs. In this work, we show that the sharp band at 625 nm observed by pulse radiolysis reflects the presence of photochemical processes that occurs at the level of the transient species formed during the reaction of SOR with superoxide. These processes do not change the stoichiometry of the global reaction. These data highlight remarkable photochemical properties for these reaction intermediates, not previously suspected for iron-peroxide species formed in the SOR active site. We have reinvestigated the reaction mechanism of the SOR from Desulfoarculus baarsii by pulse radiolysis in the absence of these photochemical processes. The T1 and T2 intermediates now appear to have absorption spectra similar to those reported for the Archaeoglobus fulgidus SOR enzymes. Although for some enzymes of the family only one transient was reported, on the whole, the reaction mechanisms of the different SORs studied so far seem very similar, which is in agreement with the strong sequence and structure homologies of their active sites.
, is at the same time a very toxic by-product and a defence agent coming from the oxygen metabolism. It forms from the adventitious one electron reduction of O 2 at the level of the respiratory chain, by autooxidation of some small molecules or protein cofactors and by the NADPH oxidase system [1, 2] . Cells possess very efficient enzymatic systems that can regulate the steady state of superoxide radical concentration [1, 2] . For decades, it was thought that superoxide dismutase (SOD), which catalyzes the disproportionation of superoxide into H 2 O 2 and O 2 , was the only existing superoxide detoxification enzyme. More recently, it has been discovered that some anaerobic or microaerophilic bacteria use a totally different enzyme system to detoxify superoxide. The enzyme was called superoxide reductase (SOR), which catalyzes the one-electron reduction of O 2 to H 2 O 2 [3] [4] [5] [6] [7] [8] :
SORs are non-heme iron proteins that can be classified into one-iron proteins, which contain only the iron active-site center (Center II) [3, 5, 9, 10] or two-iron proteins [4, 6, 11] , which possess an additional rubredoxin-like [Fe 3+ -(SCys) 4 ], center (Center I), apparently not involved in catalysis [12] . The SOR active site consists of a non-heme Fe 2+ center in an unusual [Fe(NHis) 4 (SCys) 1 ] square pyramidal pentacoordination [13, 14] , with a vacant coordination position. It reacts specifically at nearly diffusion-controlled rates with O 2 and, according to an inner sphere O 2
•reduction mechanism, leads to H 2 O 2 as final product. The resulting ferric active site becomes hexacoordinated after binding to the carboxylate side chain of a well conserved glutamate residue [13, 15] and can be regenerated into its reduced and active form by cellular reductases, allowing turn-overs with superoxide [16] . Different groups have investigated the reaction mechanism of SOR with superoxide by rapid kinetics, mainly using pulse radiolysis technique [6, 11, [17] [18] [19] [20] [21] [22] . Although one or two reaction intermediates have been proposed depending on the enzyme studied, it is now generally accepted that at least one transient species is a Fe 3+ -peroxide species. This is strongly supported by studies on SOR variants, which stabilize these iron-peroxide species and have allowed their detailed characterization by Resonance Raman spectroscopies [23] [24] [25] and X-ray diffractions techniques [26] .
The SOR from Desulfoarculus baarsii enzyme has been studied by pulse radiolysis and the reaction mechanism was proposed to involve the formation of two intermediates T1 and T2 [17, 19, 25] .
The first transient T1 presents an absorption spectrum very similar to that reported on other SORs and was described as a Fe 3+ -peroxo species (Fe 3+ -OO -), resulting from the bimolecular reaction of O 2 with Fe 2+ . T2 is formed after a protonation of T1, thus it was proposed to be a Fe 3+hydroperoxo species (Fe 3+ -OOH). Conversely to other SORs, the absorption spectrum of T2 in the D. baarsii enzyme seemed to involve a sharp band at 625 nm very different from that reported for other SORs. Finally, althought the kinetic of T2 evolution could not be observed with the device used in these studies, T2 was proposed to undergo a second protonation process to generate H 2 O 2 and the Fe 3+ final species [19, 25] .
In this work, we show that for the D. baarsii enzyme the sharp band at 625 nm observed by pulse radiolysis reflects the presence of a photochemical process that occurs at the level of a transient species formed during the reaction of SOR with O 2
•-. We have reinvestigated the reaction mechanism of the SOR from D. baarsii by pulse radiolysis in the absence of this photochemical process.
Materials and methods

Protein expression and purification
Overexpression and purification of the recombinant SOR wild-type from D. baarsii was carried out as reported in [4] . The protein was isolated with a fully oxidized Center I ( 503nm = 4,400 M -1 cm -1 ) and a fully reduced Center II. Center II can be fully oxidized ( 644nm = 1,900 M -1 cm -1 )
with a slight stoechiometric excess of K 2 IrCl 6 [19] .
Pulse radiolysis and spectrophotometric experiments
Pulse radiolysis measurements were performed as described elsewhere [27] . Sodium formate and buffers were of the highest quality available. Oxygen was from ALPHA GAZ, with purity higher than 99.99%. Water was purified using a Millipore Milli-Q system (resistivity 18.2 MΩ).
Briefly, free radicals were generated by irradiation of O 2 -saturated aqueous protein solutions (100 M), in 2 mM buffer, 10 mM sodium formate with 0.2-2 μs pulses of 4 MeV electrons at the linear accelerator at the Curie Institute, Orsay, France. Superoxide anion, O 2
-
, was generated during the scavenging by formate of the radiolytically produced hydroxyl radical, HO  , as previously described [28] . The doses per pulse were calibrated from the absorption of the thiocyanate radical [30] . The absorption level is sampled using 2 μs monochromatic Xenon flashes given from 1 ms to several seconds after actinic excitation.
Analytical experiments
Electrospray ionization mass spectra were obtained on a Perkin-Elmer Sciex API III+ triple quadrupole mass spectrometer equipped with a nebulizer-assisted electrospray source operating at atmospheric pressure. Samples were in 10 mM ammonium acetate.
Hydrogen peroxide production was determined immediately after the pulse radiolysis using the leuco crystal violet horseradish peroxidase method as described in [31] . 7
Results
Photochemical processes associated with the pulse radiolysis experiments
The reaction mechanism of the SOR from Desulfoarculus baarsii with superoxide has been previously investigated by pulse radiolysis, using a Xenon lamp to detect the very fast SOR absorbance variations during its reaction with superoxide [17, 19, 25] , which is a common procedure. In all these studies, a 310 nm cut-off filter was positioned between the lamp and the UVvis cuvette containing the SOR sample in order to prevent possible alteration of aromatic amino acid residues during the measurement.
Here, similar pulse radiolysis experiments with the SOR from Desulfoarculus baarsii were repeated at pH 7.6, but with various cut-off filters, cutting below 345, 395, 425 or 530 nm, between the Xenon lamp and the cuvette. The kinetics of the formation of the first reaction intermediate T1 remained unchanged whatever the filters. It is second order with respect to SOR and superoxide, with a rate constant k 1 = (1.0 ± 0.2) 10 9 M -1 s -1 (data not shown), consistent with a stoichiometric reaction of SOR with O 2
•-, as previously described [17, 19] . As shown in Figure 1 , with the 345 nm filter, the absorption spectrum of T1 between 330 and 670 nm still exhibits a broad absorbance band centered at 600 nm, with a similar shape to that of the first intermediate obtained with the 310 nm filter. However with the 345 nm filter, T1 presents a 1.6 fold lower epsilon value at 600 nm compared to that obtained with the 310 nm filter.
Surprisingly, in the presence of the 345, 395, 425 or 530 nm filters, the amplitudes and the kinetics of the traces recorded at longer timescales corresponding to the decay of T1 are modified compared to those obtained with the 310 nm filter (Figure 2 and not shown). These modifications are visible at various wavelengths in the range of 600 to 650 nm. The effects of the 345 nm or above filters (395, 425 or 530 nm filters) are identical at all the wavelengths studied every 5 to 10 nm between 400 and 720 nm ( Figure 2 and data not shown) and in the following are presented only the experiments carried out in the presence of the 345 nm filter.
As previously reported, in the presence of the 310 nm filter, at all the wavelength investigated between 450 and 700 nm, the decay of the first intermediate was found to be monoexponential, with a rate constant of 500 s -1 at pH 7.6, to form a second reaction intermediate exhibiting a sharp absorption band at 625 nm ( [19] and Figure 3 ). This sharp absorbance band remained observable up to about 50 ms reaction time. However, because of the Xenon lamp instability, the kinetic of its evolution could not be investigated [17, 19] . Now, in the presence of the 345 nm filter, the decay of T1 is more complex with two phases. The amplitude of these two phases are clearly visible using pulses generating 9 μM of O 2 •-( Figure 2 ). All the traces between 450 and 650 nm could be adjusted with a biexponential model with rate constants of 255 ± 27 s -1 (k 2 ) and 110 ± 24 s -1 (k 3 ), respectively ( Figure 2 ). Both rate constants k 2 and k 3 were found to be independent of SOR concentration (data not shown). These data suggest that in the presence of the 345 nm filter, the decay of T1 conducts to the formation of two successive species T2 and T3. The absorption spectrum of T2, which cannot be experimentally determined since T2 evolves toward T3 before its maximal formation, was reconstituted by an extrapolation of the decay of T1 using the double exponential fits of the kinetic traces at different wavelengths. As shown in Figure 3 , T2 exhibits a broad band centered at about 570 nm, which looks like the spectrum of an oxidized SOR in basic medium corresponding to a Fe 3+ -OH species [32] . The absorption spectrum of T3, which is formed maximally 20 ms after the beginning of the reaction, can be reconstructed directly from the observed absorption value at the different wavelengths. As shown in Figure 3 , this spectrum is identical to that of SOR oxidized by superoxide 9 μM. It does not exhibit the sharp absorbance band These results suggest that the sharp absorption band at 625 nm observed at the level of T2 during the reaction time of SOR with superoxide in the presence of the 310 nm filter can be directly associated with the Xenon lamp illumination, at wavelengths between 310 and 345 nm. This thin band might arise from a photochemical process induced by the Xenon lamp, which targets a sensitive absorption band in the region 310-345 nm.
Reaction products in the presence or absence of the photochemical process
In order to determine if the photochemical process observed during the pulse radiolysis experiments induces some modifications on the overall reaction, a SOR solution was allowed to 
Photochemical properties of the SOR reaction intermediates
In order to determine if the photochemical process can be specifically associated with a SOR transient or with SOR by itself, the following experiments were carried out.
First, during the pulse radiolysis experiments, no absorbance variations at 625 nm were observed from a solution which did not contain SOR. This shows that the 625 nm band is not associated with an instrumental artifact.
Second, the pulse radiolysis experiments were realised with increasing radiation doses to generate 3, 5 or 9 µM of superoxide, in the presence of an excess of SOR with the 310 or 345 nm filter. The absorbance was recorded at 625 nm 20 ms after the pulse (maximum of the sharp absorption band). The 625 nm absorbance values were found to be directly proportional to the amount of superoxide generated by pulse radiolysis in both cases ( Figure 4 ). As shown in Figure 4 , the slope is higher with the filter cutting off at 310 nm compared to that with the filter at 345 nm, reflecting a higher  value at 625 nm for the species formed in the presence of that filter. These data confirm that the 625 nm sharp band is associated with the reaction of SOR with superoxide. 
Effect of the lamp, Xenon/tungsten, on the photochemical process
The pulse radiolysis experiments have been repeated with a tungsten lamp instead of the Xenon one. With the tungsten lamp, which is less intense than the Xenon lamp, the short time kinetics (0-500 μs) could not be investigated. This lamp can be only used to follow kinetics above 0.5-1 ms, which in the case of SOR corresponds to those described by the rate constants k 2 and k 3 .
In addition, whereas the Xenon lamp emits down to 250 nm, the emission spectrum of the tungsten lamp strongly decreases below 500 nm. With the tungsten lamp, the kinetic traces are not affected by the presence or the absence of the 310 to 425 nm cut off filters (data not shown) and are identical to those obtained with the Xenon lamp in the presence of the 345 nm and above filters. The spectrum of the final species reconstructed at 20 ms reaction time was identical to that obtained with the Xenon lamp in the presence of the 345 to 425 cut off filters (data not shown). These data are in agreement with a photochemical process that concerns only the transient species that exhibits absorption band(s) peaking below 345 nm.
Discussion
The interpretation of the rapid kinetic data obtained by pulse radiolysis on SOR are essentially based on the characterisation of the spectra of the different reactions intermediates formed during one turn over reaction of SOR with superoxide. Three different groups, including ours, have investigated the reaction mechanism of SOR with superoxide by pulse radiolysis.
Depending on the origin of SOR, one or two reaction intermediates have been observed [6, 11, [17] [18] [19] [20] [21] 25] . In all the studies published so far, the spectra of the first observed reaction intermediate are and from its absorption spectrum was convincingly attributed to a Fe 3+ -OH species [11, 20] . This Fe 3+ -OH species would result from a nucleophilic attack of a water molecule to the iron hydroperoxide species to generate the reaction product H 2 O 2 . In a last phase, the carboxylate side chain of the well conserved Glu47 residue would bind to the iron in place of the hydroxide ligand to make the resting ferric state of the enzyme. In the case of the SOR from D. vulgaris, no evidence for the formation of a second reaction intermediate was reported and the iron peroxide intermediate species T1 is apparently directly transformed to the ferric-Glu SOR species and H 2 O 2 product [6, 18] . In the case of the enzyme from D. baarsii, a second intermediate was also observed. However, it exhibited a different spectrum than that characterized for the A. fulgidus enzymes, with a remarkable sharp absorption band at 625 nm [19, 25] . These data suggested that for these two enzymes, the second reaction intermediates could be different species.
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In our present study, we have shown that for the D. baarsii enzyme, the sharp absorption Although at this stage it is difficult to determine the exact physical basis for these photochemical processes, it appears that the SOR reaction intermediates possess sensitive absorption bands in the 310-345 nm region (Figures 1 and 3) , which are most likely at the origin of the photochemical processes. In any cases, this study highlights remarkable photochemical properties for these reaction intermediates, which were not previously suspected for iron-peroxide species formed at the SOR active site. Interestingly, the end products remain the same in the presence or in the absence of these photochemical processes and the reaction is always consistent with a stoichiometric reduction of superoxide by SOR. Then, these photochemical processes do not modify the overall reaction mechanism of SOR, being transient and without direct chemical reactivity. Further detailed studies would be required to provide a better photochemical/photophysical characterization of this process.
In the absence of these photochemical processes (with the 345 nm filter) 2 , analysis of the reaction of SOR with superoxide still reveals the presence of two reaction intermediates T1 and T2, T2 coming from the decay of T1, with absorbance properties different from those described in the presence of the 310 nm filter. T2 is finally converted to the final product, the ferric SOR, as shown in equation 2. The values of the rate constants for the formation of T2 (k 2 ) and its decays (k 3 ) are very close to each other, 255 and 110 s -1 respectively at pH 7.6, and consequently T2 spectrum was determined by extrapolations of the kinetic traces ( Figure 3 ). From the results presented here, in the absence of any photochemical process, the reaction mechanism of SOR from D. baarsii appears now similar to that reported for the two enzymes from A. fulgidus, with formation of a T2
intermediate associated with a Fe 3+ -OH species [11, 20] However, it is possible that in this latter case, a T2 intermediate also exists with however k 3 much higher than k 2 . In this case, the step described by k 2 would be rate limiting and T2 concentration would be very low and not detectable. Then, it is conceivable than the SOR from D. vulgaris exhibits a similar reaction mechanism than that of the enzymes from A. fulgidus and D. baarsii.
In a previous work, we investigated the reaction of the SOR from Treponema pallidum with O 2 •by pulse radiolysis with a 310 nm filter and two reaction species were observed [21] . The first one clearly corresponded to the T1 intermediate. However, the spectrum of the second reaction species did not exhibit the sharp absorption band at 625 nm and looked like that of the final SOR-Fe 3+ species, with a broad absorbance band at 650 nm. It thus seems that, conversely to the D.
baarsii enzyme, the T. pallidum SOR does not exhibit a photochemical process during the pulse radiolysis with a 310 nm filter. Its reaction mechanism could be then similar to that of the D.
vulgaris enzyme, with only one observable reaction intermediate, T1, that decays to the final SOR-Fe 3+ end product.
In conclusion, the reaction investigated in the absence of photochemical processes for the D.
baarsii enzyme reveals the formation of a second intermediate which seems similar to that reported for the A. fulgidus enzymes. The data suggest that the reaction mechanism of the different SORs studied so far are very similar, which is in agreement with the strong sequence and structure homologies of their active sites. We are currently reinvestigating the reaction mechanism of the different SOR mutants from D. baarsii, E47A, K48I and E114A, in the absence of photochemical process. 
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